The historical but questionable size-distance invariance hypothesis (SDIH) features computation over geometric, oculomotor, and binocular cues and the coupling of percepts-perceived size, S 0 , is mediated by perceived distance, D 0 . A contemporary non-mediational hypothesis holds that S 0 and D 0 are specific to distinct optical variables. We report two experiments with an optical tunnel, an arrangement of alternating black and white concentric rings, that allows systematic manipulation of the optic array at a point of observation while controlling a variety of size and depth cues. Participants viewed targets of different sizes at different distances monocularly, reporting S 0 and D 0 via magnitude production. In Experiment 1, the target was either placed in a continuous tunnel (extending 164 cm) or in a tunnel that truncated at the target's location. Experiment 2 included a third tunnel, one that was truncated with a flat depiction of the posterior surface structure that would have been visible in the continuous tunnel. In both experiments, S 0 decreased with D but D 0 was unaffected by S. Partial correlation analyses showed that the relationship between S 0 and D 0 was not significant when the contributions of other variables were removed. Importantly, S 0 and D 0 were affected differently by manipulations of the optical tunnel's continuity while computationally obvious visual cues were controlled. These outcomes suggest that D 0 is not a mediator of S 0 . Rather S 0 and D 0 are independently determined with correlated but different optical bases, results that support the direct model.
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Introduction
Visually perceiving the sizes of objects near and far is an everyday occurrence. Even though the visual angle subtended by an object at the point of observation shrinks as physical distance increases, perceived size of the object remains approximately the same (Gruber, 1954) . Regarding this phenomenon of size constancy, how perceived size and perceived distance relate, has been a recurring question in the psychology of visual perception (e.g., Epstein, Park, & Casey, 1961; Kaufman et al., 2006) .
At the phenomenal level, a classical but still prevalent explanation of the relation is that: ''A retinal projection or visual angle of given size determines a unique ratio of apparent size to apparent distance" (Epstein et al., 1961, p. 491; Kilpatrick & Ittelson, 1953, p.224) . The geometric relation between physical size and distance also holds in perception for small values of h, where S 0 is perceived size, D 0 is perceived distance, and h is the visual angle (Kilpatrick & Ittelson, 1953) . That is
Thus, when the visual angle is held constant, the perceived size of an object is proportional to its perceived distance in a unique way. We will refer to Eq. (1) as the geometric size-distance invariance hypothesis (SDIH).
Discordant empirical findings, however, have questioned the validity of geometric SDIH. Of particular significance is the observation of a size-distance paradox (e.g., Epstein & Landauer, 1969; Gruber, 1954; Higashiyama, 1979; Jenkin & Hyman, 1959) : perceived size and perceived distance can change in directions opposite to that predicted by geometric SDIH. Either an underestimation of size co-occurs with an overestimation of distance or an overestimation of size co-occurs with an underestimation of distance. In other studies, even though perceived size and distance changed in the direction predicted by geometric SDIH, the degrees of change deviated substantially from the geometric expectations (e.g., Baird & Biersdorf, 1967; Vogel & Teghtsoonian, 1972; see Sedgwick, 1986 for a review). Brenner and van Damme (1999) , more recently, also found that ''indicated distance" manually reported by their participants as perceived distance was clearly different from ''size distance" calculated using visual angle for
Mediation model
The mediation model interprets the empirical results as a dependence of perceived size on perceived distance and visual angle (e.g., Epstein, 1973 Epstein, , 1982 Gogel, 1973a Gogel, , 1973b Kaufman et al., 2006; Rock, 1975 Rock, , 1984 . Assuming that visual angle is immediately usable as a proximal datum, perceived size can be determined algorithmically by combining the visual angle with perceived distance or by ''taking distance into account" (Epstein, 1973 (Epstein, , 1982 Higashiyama & Shimono, 2004) . That is, perceived distance mediates perceived size. Its commonplace expression is geometric SDIH. For the mediation model, however, the failure of geometric SDIH and the fitting of general SDIH (Eq. (2)) with varied values of scale factor and exponent in various studies (e.g., Epstein & Landauer, 1969; Gogel, 1971; Higashiyama & Adachi, 2006; Higashiyama & Shimono, 1994 , 2004 Vogel & Teghtsoonian, 1972) can be attributed to different computational operations for particular conditions of viewing. In other words, different visual cues can be used in different ways (e.g., cue weighting) for computing perceived size from perceived distance, as well as, computing perceived distance itself in particular situations (e.g., Brenner & van Damme, 1999; Landy, Maloney, Johnston, & Young, 1995) . In sum, in the mediation model, perceived size is determined by perceived distance and other relevant visual cues.
Direct model
The direct model, in contrast, takes size perception and distance perception as independent (Haber & Levin, 2001; Sedgwick, 1973) ; perceived size does not depend on perceived distance via an internal mechanism. If SDIH or similar mediational model appears to hold, it is only because relevant dimensions of optical stimulation can coincide for both size and distance perceptions (cf. Gruber, 1954) . As Epstein and Landauer (1969, p. 272) suggest ''Both size estimates and distance estimates are directly determined by relative visual angle . . . in neither case does one judgment depend on the other judgment," a conclusion affirmed by Oyama (1974) . For Brenner and van Damme (1999) , inconsistencies of perceived size and perceived distance would be the case if the two kinds of perceiving depended on different visual cues. The direct model, however, stands in contrast to the foregoing perspectives. It rejects the description of the environment in terms of the Euclidean notions of angle, size and distance as the basis for the perception of environmental layout. For the direct model, S 0 and D 0 are tied to different specifying variables (''higher-order invariants") available in the ambient optic array (cf., Gibson, 1966 Gibson, , 1979 Gibson, /1986 Lee, 1980; Mace, 2002; Warren, 2006) .
The ambient optic array at a point of observation is structured light of different intensities in different directions that is lawfully generated by the environmental surface layout and, perforce, specific to that layout (Gibson, 1961 (Gibson, , 1966 (Gibson, , 1979 (Gibson, /1986 . As the point of observation moves, the nested hierarchy of optical solid angles lawfully transforms leaving invariant optical relations specifying the propertied relational structure of the environmental layout relative to the new points of observation. These invariant optical relations are distinct from each other, but still correlated with each other, on the basis of their lawful relationships to the environmental structure.
In sum, in the direct model, it is assumed that S 0 and D 0 are influenced directly by those exogenous higher-order variables; S 0 and D
0
are not causally related. The inconsistent previous findings in which general SDIH (Eq. (2)) does not fit with unique values of scale factor and exponent might be due to the different but correlated optical bases for S 0 and D 0 underlying particular conditions of viewing.
Debate on the relationship between S
0 and D
0
Whether S 0 and D 0 are dependent or independent is still controversial: The inconsistent fitting of general SDIH is interpretable by either model, mediation or direct. One limitation that prevents drawing a definitive conclusion is that different conditions of viewing in various studies are not compatible with each other. Systematically comparable conditions of viewing should shed light on the independence of S 0 and D 0 . If general SDIH varies only for computationally obvious variables such as visual angle and visual cues (e.g., depth cues), then the mediation model will be favored. The variations will be attributable to the existence of putative cue-based computational algorithms (i.e., cue combination) using those computational variables as well as D 0 . But if conventional visual cues are held constant and general SDIH still varies for computationally non-obvious variables-variables that are relevant to structural properties of environmental surface layout (Gibson, 1979 (Gibson, /1986 Meng & Sedgwick, 2001 , 2002 -then the direct model will be preferred. The variations will be ascribable to different higher-order invariants specifying the metric properties of the environmental layout-namely, S and D-that are defined over both obvious and non-obvious variables. Thus, an apparatus for systematically controlling the conditions of viewing is needed to manipulate, or control for, those variables.
The optical tunnel
In the present study, an optical tunnel (Gibson, Purdy, & Lawrence, 1955) was constructed (see Section 2.1.2 for details) to investigate the above question empirically. The optical tunnel is a device for systematically controlling optical structure of potential relevance to perceptions of object size and object distance. Given that objects in the environment are nested or embedded within larger-scale environmental entities, the corresponding optical structure for an observer can be conceived as a nested hierarchy of angular extents (see Gibson, 1979 Gibson, /1986 . The optical tunnel is 1 Kaufman et al. (2006) supported SDIH based on measures of discrimination for size and depth. From the finding that the precision of size discrimination decreased with perceived distance in the same way as but uniformly poorer than that of depth discrimination, they argued perceived size would be proportionally related to perceptual distance with posterior mental steps. a means of controlling the nesting and distribution of these angular extents-optical solid angles in the optic array (in the Gibsonmotivated direct model) or visual angles in the proximal stimulus (in the Helmholtz-motivated mediation model)-in a simplified way to investigate perceptions of size and distance in a nested environment (see Fig. 1 ).
Gradients of discontinuous transitions in the optical structure generated by black and white surfaces could be manipulated to give various impressions of distance (length) and size (diameter) of the tunnel (Gibson et al., 1955) . Systematic control of the conditions of viewing can be achieved by varying the arrangement of the tunnel's black and white surfaces such as their number, density, or continuity. Whereas visual stimuli presented as a flat picture or on a computer screen qualify as a bi-dimensional manipulation of reflecting surfaces for nested angular extents in optical stimulation, the optical tunnel enables a tri-dimensional manipulation which is better suited to investigate perception of the visual world (Gibson, 1950) .
The assumption of so-called higher-order invariants or specifying variables leads to the expectation that S 0 and D 0 would be differentially affected by manipulations of computationally nonobvious variables in the optical tunnel. Consider Fig. 1 . A to-bejudged object of a certain size S could be situated within one of the depicted rings. The chosen ring would define the object's distance D from the observer. For a value of D less than the length of the optical tunnel, there could be some number of rings beyond the object contributing to the optical structure at the eye of the observer. In such a case, a distinction can be drawn between (a) the conditions of stimulation given by the object and the tunnel from the observation point to the object (e.g., visual angle, depth cues), and (b) the conditions of stimulation given by the tunnel extending beyond the object (i.e., variables that are relevant to structural properties of environmental surface layout). Historically (a) accords with the traditional domain of the phenomena addressed by the mediational hypothesis, (b) does not. Whereas the variables of (a) can be referred to as computationally obvious with respect to the mediational hypothesis, those of (b)-if they do happen to matter to perceived size and distance-are likely to be computationally non-obvious 2 . That is, they are not self-evidently involved in spatial perception. Such non-obvious variables need not be restricted to (b); they could also inhere in (a).
In this regard, manipulation of the optical tunnel was in terms of the length of the visible tunnel; specifically, whether the visible tunnel continued beyond, or was truncated at the rear of, a target object. Computationally obvious variables of (a) were preserved, but a computationally non-obvious variable-namely, the longitudinal continuity of the optical tunnel's reflecting surfaces-was varied. Additionally, in terms of relations among perceptual and physical properties, the direct model does not assume a causal relation between S 0 and D 0 . Instead, it assumes that there will be (i) a significant relation between S 0 and the physical properties of the target object and tunnel due to the availability of size-specifying optical variables that the physical properties give rise to, and likewise (ii) a significant relation between D 0 and the physical properties of the target object and tunnel due to the availability of distancespecifying optical variables that the physical properties give rise to. In the present study, manipulation of the physical properties was in terms of the length (physical size) and location (physical distance) of target rods.
To evaluate the aforementioned expectations, a partial correlation analysis was pursued as a useful tool to test causal relationships (Blalock, 1962; Oyama, 1974; Van der Meer, 1979; Higashiyama & Adachi, 2006; Higashiyama & Shimono, 2004) . A significant partial correlation between S 0 and D 0 , if found, would support the mediation model; whereas significant partial correlations between S 0 and physical size (S), and between S 0 and physical distance (D), if found, would favor the direct model (see also Higashiyama & Adachi, 2006; Higashiyama & Shimono, 2004 ).
Experiment 1

Method
Participants
Thirteen students (6 male and 7 female) at the University of Connecticut participated in partial fulfillment of a course requirement. Ages ranged from 18 to 20 years. Nine of them were righteye dominant and four were left-eye dominant. Ocular dominance was determined at the beginning of the experiment by means of the Miles test (Miles, 1930) . The Institutional Review Board (IRB) of the university approved all experimental procedures that were in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki). Oral informed consent was obtained from each participant at the start of the experiment.
Apparatus and materials
The optical tunnel consisted of 40 sheets of alternating black and white, 30 cm Â 30 cm cardstock. Each sheet had a centered 2 In the general case, a causal context sufficient for producing a given biological or psychological effect often provides many necessary causes that are so indirectly related to the effect that they go unnoticed and unnamed (Gottlieb, 1997; Killeen & Nash, 2003) . 20 cm diameter hole and each sheet was separated from its neighbors by 4 cm. The tunnel's entrance was a black sheet with a 5 cm diameter hole at its center that defined the point of observation, where the participant placed his or her dominant eye monocularly. A solid white sheet (i.e., without a hole) placed at the end of the tunnel occluded the area behind the tunnel. Black felt (91 cm Â 91 cm) that hung from the ceiling occluded the optical tunnel from the participant. The 164 cm long tunnel was supported by a 152 cm Â 76 cm table at a height of 94 cm. It was illuminated by fluorescent ceiling lights.
Steel wires of 1 mm thickness set at the top of the tunnel allowed stimulus objects to be hung at different locations by beige threads of 0.8 mm thickness (The wires were not visible to participants; the threads were). Three wooden rods (diameter = 1.2 cm) differing in length (5, 6, 7 cm) served as the target objects. On any given trial, a horizontally oriented rod was hung from the wires at one of four locations along the tunnel's length (L)-1/4L, 2/4L, 3/4L, and 4/4L, that is, distances of 42, 82, 122, and 162 cm-so that the rod was located at the center of the field of view with its geometric center on the line of sight from the observation point.
Two magnitude-production response devices were used, one for object size and one for object distance (from the point of observation). Both devices were placed adjacent to the participant's right side (see Fig. 2 ) so that the participant could view them binocularly from the point of observation by turning his or her head. The sizematching instrument was an adjustable rectangle of the same wooden color as the rods, presented on a laptop screen (34 cm diagonal). The participant adjusted its length by the left and right arrow buttons, and its height by the up and down arrow buttons on the laptop. The distance-matching instrument was a single white sheet of cardstock (20 cm Â 20 cm) mounted on a post inside a rail that extended 160 cm away from the participant, perpendicular to the tunnel. The participant could position the distance marker along the rail by pulling or pushing the post manually. The participant's hand was occluded by an opaque horizontal surface. A sheet of chipboard (15 cm Â 30 cm Â 0.1 cm) set up vertically demarcated the zero-point for point of observation in this process. The distancematching device was located on a yellow textured poster board (183 cm Â 30 cm) across two adjoining brown textured tables (each 91 cm Â 61 cm Â 82 cm), and the size-matching device was laid on a lower table (46 cm Â 61 cm Â 74 cm).
Procedure and design
The two tunnel conditions are illustrated in Fig. 3 . In the continuation condition, the tunnel was visible throughout its entire length; in the truncation condition, the tunnel was visible only up to a solid white sheet of cardstock situated immediately behind the target rod. Note that when a rod was hung at the end of the tunnel (4/4L), the configuration was the same for both truncation and continuation conditions because the tunnel itself terminated. In each trial, one of the three rod sizes was hung at one of the four distances in one of the two tunnel conditions as shown in Fig. 3 .
The seated participant was asked to view the target object monocularly with the dominant eye and to reproduce its perceived size and perceived distance binocularly with the response devices. Specifically, apparent instructions (Carlson, 1962; Wagner, 2012) for size and distance were employed: The participant was instructed to adjust the size meter to look equal to the apparent object size and the distance meter to look equal to the apparent object distance. After a demonstration of how to adjust the response devices, the instructions were given as follows: ''While fixating on the rod in the tunnel, you will see how big the rod is and how far away the rod is. Tell me how big it is by adjusting the rectangular shape on the laptop screen to look equal to the size of the rod. Tell me how far away it is by adjusting the distance from your eye to the white distance marker to look equal to the distance of the rod. The apparent size and distance are likely to change from trial to trial." The participant was allowed to look back and forth between the target and the response devices while making adjustments. The participant did not look into the tunnel between trials.
This experiment was conducted as a 3 (Physical size: 5, 6, 7 cm) Â 4 (Location: 1/4L, 2/4L, 3/4L, 4/4L) Â 2 (Tunnel condition: Truncation, Continuation) within-subject design with 2 repetitions of each configuration. However, because 4/4L Continuation and 4/4L Truncation were equivalent, there were 42 trials instead of 48 in order to reduce the burden on participants. The 42 trials were randomized across participants.
Results and discussion
2.2.1. The optical tunnel as a setting for evaluating perceived size and perceived distance
We first sought to verify that the basic results obtained with the optical tunnel are comparable to the literature on perceived size and distance. Analogous conditions of presentation-small solid objects presented in so-called ''near visual space" (Norman, Todd, Perotti, & Tittle, 1996) or ''personal space" (Cutting & Vishton, 1995) -have revealed a linear relationship between log perceived and log actual, with an exponent of 1.05 for size (e.g., Baird & Biersdorf, 1967; Teghtsoonian & Teghtsoonian, 1970) and an exponent of 0.71 for distance (Baird & Biersdorf, 1967) . For the basic continuation tunnel condition, the corresponding exponents were 1.01 for perceived size and 0.65 for perceived distance. These results suggest that the optical tunnel provides an appropriate setting for studying size and distance perception of solid objects in a three-dimensional environment.
3 Consequences of manipulating that environment can be evaluated against that backdrop. (Cohen, 1988) (Fig. 4, left) , but D 0 was not significantly different, F % 1 (M = 56.19, SE = 2.89 for the truncation condition, M = 57.38, SE = 2.63 for the continuation condition). No interactions were significant for S 0 , all Fs % 1, g p 2 < 0.10. For D 0 , the Distance Â Tunnel interaction was significant, F(2, 24) = 3.50, p = 0.046, g p 2 = 0.226 (Fig. 4, right) . 3 The replication of these basic results also mitigates the difference between the distance-matching device, which used a real surface, and the size-matching device, which used a computer-generated image. 4 Although participants adjusted both height and length of the size meter for S 0 , all analyses of S 0 are reported for the length dimension only. Comparable analyses of area yielded the same pattern of results.
5 The Huynh-Feldt correction for degrees of freedom in repeated measures ANOVA was applied whenever the sphericity assumption was violated from Mauchly's sphericity test.
In order to further explore the influence of the tunnel manipulation, exponents of the log-log regression slopes for each individ- The tunnel condition mattered in different ways for S 0 and D 0 . In brief, it affected the overall magnitude of S 0 but not the overall magnitude of D 0 . Moreover, it altered the mapping of D 0 onto D but did not change the mapping of S 0 onto S. The manipulation of the optical tunnel's reflecting surfaces-namely, continuing beyond the to-be-judged object versus truncating at the to-be-judged object-had the consequence of holding depth cues from anterior reflecting surfaces constant while changing overall optical continuity. These asymmetric outcomes satisfy Hypothesis 1. The differential effect of a computationally non-obvious variable is consonant with the direct model (Higashiyama & Adachi, 2006; Higashiyama & Shimono, 1994 , 2004 . regression analysis tested the significance of the difference between the two exponents by using log h and an interaction term (Tunnel condition Â log h) as predictors and log (S 0 /D 0 ) as the dependent variable. The coefficient of the interaction term was significant, B = 0.08, t(309) = 2.00, p < 0.05, verifying that the slopes of the two power functions differed.
The different power functions suggest differential effects of the spatial composition of the optical tunnel on the two specifying variables for S and D (Hypothesis 2). This suggestion is consistent with prior studies reporting different power functions for different conditions of viewing (Higashiyama & Adachi, 2006; Higashiyama & Shimono, 1994 , 2004 Vogel & Teghtsoonian, 1972) . In the present study, however, the fact that h does not differ between the two systematically manipulated tunnel conditions indicates that the relation between S 0 and D 0 was not an immediate consequence of a single power function of h. Said differently, the constancy of h rules out the possibility of a causal relation between S 0 and D 0 . The mediation model (Epstein, 1973 (Epstein, , 1982 Gogel, 1973a Gogel, , 1973b Kaufman et al., 2006; Rock, 1975 Rock, , 1984 is hard pressed to explain why the algorithm for inferring S yielded different outcomes across manipulations that left invariant the succession of hs between the perceiver and the to-be-judged target object. For the direct model, the elimination of optical solid angles for reflecting surfaces beyond the target could have changed the relation between S 0 and D 0 via its differential effect on the optical variables that putatively specify S and D.
Correlational analyses among perceived variables and target variables
A partial correlation analysis was employed to test causal relationships that would favor the mediation or direct models (cf. Higashiyama & Adachi, 2006; Higashiyama & Shimono, 2004) . In opposition to the mediation model, significant bivariate correlations between S 0 and D 0 , S 0 and h, and D 0 and h were no longer significant in the corresponding partial correlations controlling for theoretically relevant constellations of physical and perceptual variables (Table 2, Higashiyama & Adachi, 2006; Higashiyama & Shimono, 2004) , implicating contributions of the manipulated physical properties to generating size-specifying and distance-specifying higher-order optical variables.
Experiment 2
Experiment 1 showed that while tunnel structure affected both S 0 and D 0 , they were affected in different ways. The fit of S 0 /D 0 to a general SDIH differed for the two tunnels. The two tunnels were comparable with respect to computationally obvious variables such as visual angle and depth cues, but differed with respect to the continuity of the environmental surface layout, which generates optical structures differentiated by a non-obvious variable that is not explicitly relevant to conventional depth cues. But there is also a size cue that differed between the two optical tunnel conditions: The ratio of the target object to the surrounding concentric rings differed between the continuation and truncation conditions (compare the left and right panels of Fig. 3) . A mediation algorithm may have used the different size cues from the optical structure posterior to the target with the indifferent depth cues from the structure anterior to the target-a kind of cue combination-to affect S 0 and D 0 . To test this possibility, Experiment 2 included an additional tunnel condition: A second kind of truncated tunnel was constructed using truncation sheets with a two-dimensional picture of concentric rings corresponding to the occluded posterior reflecting surfaces. This ''faux structure" was placed immediately behind the target rod, during the so-called picture condition. It is depicted in the right panel of Fig. 5 . Size cues were equivalent in the continuation and the picture tunnels but the longitudinal continuity of surface layout differed. Thus, if the different size cues in the truncation and continuation tunnels had caused differences in S 0 and D 0 in Experiment 1, they should not differ between the continuation and the picture tunnels, a finding that would favor the mediation model. On the other hand, if the change in the optical tunnel's continuity had produced the differences in Experiment 1, then differences might be expected between the continuation and picture tunnels, a finding that would support the direct model.
Method
Participants
Eighteen students (7 male and 11 female) at the University of Connecticut participated in partial fulfillment of a course requirement. None of them had participated in Experiment 1. Ages ranged from 18 to 21 years. Twelve of them were right-eye dominant and four were left-eye dominant. Ocular dominance was determined by the Miles test (Miles, 1930) at the beginning of the experiment. The Institutional Review Board (IRB) of the university approved all experimental procedures that were in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki). Oral informed consent was obtained from each participant at the start of the experiment.
Apparatus and materials
The apparatus and materials were the same as in Experiment 1, with four exceptions: (a) only two of the three rods (6 and 7 cm) were used as target objects; (b) three tunnel locations (1/4L, 2/4L, and 3/4L) were used as target distances; and (c) three sheets of cardstock with pictures of concentric black and white rings were prepared for those three tunnel locations (the diameters of the concentric rings in each picture were calculated using corresponding angular extents subtended by the reflecting surfaces posterior to the target location at the point of observation). Finally, (d) a fluorescent light (28 W, 122 cm long) was hung 36 cm above the tunnels so that the truncating picture would not be in obvious shadow from the ceiling lights. The number of target objects and locations was reduced from Experiment 1 to limit the temporal burden on the observer due to the increase in tunnel conditions.
Procedure and design
In each trial, one of the targets was hung at one of the three distances in one of the three tunnel conditions. Regarding all other details, the procedure was the same as in Experiment 1. This experiment was conducted as a 2 (Physical size: 6, 7 cm) Â 3 (Location: 1/4L, 2/4L, 3/4L) Â 3 (Tunnel condition: Continuation, Truncation, Picture) within-subject design with 2 repetitions of each configuration. All the 36 trials were completely randomized for each participant. With respect to the tunnel manipulation, means of S 0 were 4.64 (SE = 0.14) for continuation, 5.06 (SE = 0.15) for truncation, and 5.09 (SE = 0.17) for picture. The main effect was significant, F(2, 34) = 97.51, p < 0.001, g p 2 = 0.852. Post-hoc pairwise comparisons with a Bonferroni correction showed that (a) S 0 was significantly larger for the truncation condition than for the continuation condition, t(17) = 10.74, p < 0.001, replicating the result from Experiment 1; (b) S 0 was also significantly larger for the picture condition than for the continuation condition, t(17) = 10.79, p < 0.001; but (c) S 0 did not differ significantly between the picture and the truncation conditions, t(17) = 1.36, p = 0.587 (Fig. 6, left) . 0 was significantly larger for the picture condition than for the truncation condition, t(17) = 3.18, p = 0.016 (Fig. 6, right) .
Experiment 2 was designed to manipulate the longitudinal continuity of reflecting surfaces with further controlling for a size cue-the ratio of the target object to the surrounding concentric rings-that differed between the tunnel conditions of Experiment 1. Once again, the effects of the manipulation differed for S 0 and D 0 , an asymmetric outcome in support of Hypothesis 1. Relative to the continuation tunnel, the picture tunnel gave rise to larger S 0 but equivalent D 0 . The change in S 0 did not depend on the change in D 0 , in spite of the constant visual angle, depth cues, and size cues; the optical tunnel's continuity produced differences in S 0 and D 0 for both Experiments 1 and 2, supporting the direct model. In addition to being affected differently by the picture tunnel, S 0 and D 0 were contrary to the logic of cue combination. In the Delboeuf illusion (Delboeuf, 1892; Nicolas, 1995) , for example, an inner target circle appears larger when an enclosing concentric circle is less separated from the target and appears smaller when the outer circle is more separated. In Experiment 2, however, the target object appears smaller whether the enclosing concentric circles are less separated from the target (continuation vs. truncation; Fig. 3 ) or the separation is equated (continuation vs. picture; Fig. 5 )-and even though D 0 in the continuation tunnel does not differ from either of the other tunnels. The results are also contrary to the mediational logic that is often promoted to explain the Ponzo illusion (e.g., Deza & Deza, 2013) , in which an apparently farther object would have to be larger in order to project the same h as an apparently closer object. Experiment 2 shows, in contrast, that for a given h, S 0 does not differ even though D 0 does (picture tunnel vs. truncation tunnel). 
Ratio of S
Correlational analyses among perceived variables and target variables
Partial correlation analyses were again employed to test causal relationships hypothesized by the mediation and direct models and the results were the same as in Experiment 1. Counter to the mediation model, the significant bivariate correlations between S 0 and D 0 , S 0 and h, and D 0 and h were no longer significant in the corresponding partial correlations controlling for theoretically relevant constellations of physical and perceptual variables (Table 4 , top). In contrast, consistent with the direct model, significant bivariate correlations between S 0 and S, S 0 and D, and D 0 and D remained significant in the corresponding partial correlations controlling for theoretically relevant sized constellations of physical and perceptual variables (Table 4, 
General discussion
4.1. Differential effects of optical structure on perceived size and perceived distance Experiments 1 and 2 were designed to investigate the relation between the visual perceptions of two metric properties of the environmental layout, namely, S and D. Target objects were embedded in an optical tunnel (Gibson et al., 1955) , that is, an arrangement of concentric rings aligning uniformly in the longitudinal dimension. The optical tunnel was designed to control computationally obvious variables such as depth cues and size cues while manipulating a computationally non-obvious variable, for example, the longitudinal continuity of the concentric rings. The research question was whether S 0 and D 0 would be dependent on each other, as typically posited by mediation models, or tied to different specifying optical variables, as posited by a direct model.
Both experiments showed that S 0 and D 0 were affected differently by manipulations of the optical tunnel's continuity, whether that came about via a simple truncation of the structure beyond the target (Experiment 1) or a pictorial simulation of that structure (Experiment 2). With visual angle, depth cues (Experiment 1 and 2), and size cues (Experiment 2) controlled, changes in S 0 were not attributable to changes in D 0 , but to changes in the optical gradient caused by the manipulations of the computationally nonobvious variable. Rather than supporting a causal relation between S 0 and D 0 as promoted by mediation models, in which D 0 is one of the determinants of S 0 along with other relevant visual cues, the findings supported the assumption of different specifying variables for S and D as endorsed by the direct model. If the optical gradient is conceived as a nested hierarchy of optical solid angles that embeds higher-order optical invariants for S and D as assumed in the direct model (e.g., Gibson 1961 Gibson , 1966 Gibson , 1979 Gibson /1986 , then the manipulation of the optical tunnel's continuity-the difference in the optical gradient anterior and posterior to the target brought about by the different tunnel conditions-may have affected the size-specifying and distance-specifying higher-order variables in different ways.
Exploratory activity
An active perceiver is able to detect specifying variables through exploratory activities (Gibson, 1966) . Recent investigations in postural sway have shown that fluctuations of center of pressure in quiet standing (Morales & Kolaczyk, 2002; Thurner, Mittermaier, Hanel, & Ehrenberger, 2000) and sitting (Hermann, 2005) are systematic in a multi-fractal way and, thus, can be considered a haptic exploratory procedure (Lederman & Klatzky, 1990; Palatinus, Kelty-Stephen, Kinsella-Shaw, Carello, & Turvey, 2014; Riley, Wagman, Santana, Carello, & Turvey, 2002) . Analogously, in the present task, postural fluctuations for eye-fixating processes can be regarded as a systematic, minimal exploratory activity (e.g., Turvey & Carello, 2011) for visual size and distance perception. The transformation in the optical gradient by this minimal exploratory activity would generate differences in each of the size-specifying and the distance-specifying variables as a function of different kinds of tunnels.
The effect of this minimal exploratory activity cannot be reduced to that of minimal motion parallax. For the picture tunnel relative to the continuation tunnel, S 0 increased even though motion parallax qua depth cue (e.g., Rogers & Graham, 1979) did not alter D 0 . Rather, the optical tunnels differ in the amount, kind, and continuity of the transformation of the optical gradients embedding the target rod and these may have different consequences for the size-specifying invariant and the distancespecifying invariant.
Effects of environmental properties on perceived size and perceived distance
Apparently, the hypothesized specifying variables for S and D were not specific to S and D as such, as demonstrated by increasing underestimation of both with increasing D.
6 Nevertheless, if the specifying variables depend on global structures in the optic array, then it should be the case that the metric properties of the environmental layout contribute to the determination of these variables, given that the optic array is lawfully generated by the layout of environmental structures (Gibson, 1979 (Gibson, /1986 ).
The results of correlational analysis in both Experiment 1 and 2 supported this possibility, indicating that S 0 was affected by S and D rather than by h and D 0 . Significant partial correlations between S 0 and S, S 0 and D, and D 0 and D favored the perception-informationenvironment relationships assumed by the direct model: Perception is specific to information and information is specific to environmental properties with reference to the perceiver (Gibson, 1979 (Gibson, /1986 Turvey, 1992; Turvey, Shaw, Reed, & Mace, 1981; Warren, 2005) . On the other hand, nonsignificant partial correlations between S 0 and D 0 , S 0 and h, and D 0 and h weakened the assumption from the mediation model of a causal relation between percepts (Epstein, 1973 (Epstein, , 1982 or between a percept and a proximal stimulus. This preference for the direct model from a partial correlation analysis is consistent with findings from investigations of stereoscopic vision (Oyama, 1974) , perception of far terrestrial objects (Higashiyama & Shimono, 1994) , and perception under condition of inverted viewing (Higashiyama & Adachi, 2006) .
To elaborate, in the present circumstances-an orientable target arranged frontally in an optical tunnel of a particular surface density that does not change throughout its length-S 0 depends on both S and D, whereas D 0 depends only on D. In the perspective of the direct model this finding accords with the assumption that the optical bases for S 0 and D 0 are tied to different environmental properties. Further, even though D 0 in the present experiment depended on D, partial correlation between S 0 and D was still significant after controlling for D 0 . That is, even after removing their common variance with D 0 , a correlation persisted between the residualized S 0 and the residualized D (Cohen, Cohen, West, & Aiken, 2003) . The latter outcome implies that the way in which D affects S 0 may be different from the way in which D affects D 0 . Given that the variable D is representative of the structured layout of the longitudinally aligned reflecting surfaces, this differential effect may suggest that S 0 and D 0 are differently affected by structural properties of that surface layout. In the perspective of the direct model, it is an outcome that concurs with the expected difference between the optical specificities governing S 0 and D 0 with regard to their functional relation to environmental properties: The way in which the specifying variable for S is invariantly related to an environmental property can be different from the way in which that for D is invariantly related to the property. Similar findings have been reported in the haptic subsystem of dynamical/ef- fortful touch for perceiving size and distance by probing (BaracCikoja & Turvey, 1993 , 1995 
In short, specifying variables for S and D, whether optical or haptic, were differentially related to physical properties of the environment. This interpretation is consistent with the above discussion about the differential structuring of light by surface layout for S 0 and D 0 , and extends that discussion to specifying variables and environmental properties within the ecological framework of information-environment specificity (Gibson, 1979 (Gibson, /1986 Turvey et al., 1981; Warren, 2005) .
SDIH and the direct model
While different tunnel conditions required different power functions to fit the data in Experiment 1, each power function of h still held for each tunnel condition implying that S 0 and D 0 are related somehow in a specific optical structure. As demonstrated in the above discussion, this relation may not occur because of a causal relation between S 0 and D 0 (Epstein, 1973 (Epstein, , 1982 Rock, 1975 Rock, , 1984 . Instead, as the direct model may suggest, SDIH appears to hold because relevant dimensions of optical information may coincide for both perceptions (cf. Gruber, 1954) . That is, the specifying variables for S and D can be correlated with each other on the basis of their lawful relationships to the environmental surface layout. In the present study, this possibility is attributable to the above finding that both S 0 and D 0 were dependent on D. In this regard, the fitting of a power function of h for S 0 /D 0 might have been possible because (a) S 0 and D 0 were covariant with D, (b) S 0 was also dependent on S, and (c) the geometric relationship between S and D was expressed by h as S/ D = h. In short, the relation between S 0 and D 0 emerges because the specifying variables for S and D are covariant with regard to common environmental properties such as D. A number of studies have pointed to, or at least implied, the possibility of spurious relationships between S 0 and D 0 indirectly induced by common stimulus determinants (e.g., Brenner & van Damme, 1999; Epstein & Landauer, 1969; Oyama, 1974) .
As this reasoning demonstrates, general SDIH does not necessarily have to conform to the mediation model with h as a causal determinant of S 0 . The direct model also can harmonize with it, based on covariant variables specifying size and distance. Thus, a study in which SDIH holds with a power function S 0 /D 0 = Kh n need not be interpreted under the mediation model. The inconsistent results found in the literature with regard to SDIH (e.g., Baird & Biersdorf, 1967; Epstein & Landauer, 1969; Gruber, 1954; Higashiyama, 1979; Jenkin & Hyman, 1959; Vogel & Teghtsoonian, 1972; see Sedgwick, 1986 for a review) might be re-investigated under the direct model to reveal specifying variables for size and distance in different conditions and tasks.
The present experiments are the first to assess the relation between perceived size (S 0 ) and perceived distance (D 0 ) in the optical tunnel. Additional experiments with other manipulations will be needed to evaluate the hypothesis that the two perceptions are specific to the conditions of stimulation that the tunnel provides. Encouragement for finding the conjectured specificity is given by research on perceiving size-at-a-distance by extended haptic perception or, synonymously, dynamic (effortful) touch (for summaries see Carello & Turvey, 2000; Turvey & Carello, 1995) . In this research a gap between two wooden blocks at a distance from an unsighted participant is probed by means of a hand-held rod. Gap size, gap distance and wrist-angle at contact are variables, as are the properties of the rod-as-probe-specifi cally, the moments of its mass distribution, its center of percussion, and the point along its length at which contact is made, all relative to the point of rotation in the wrist. The latter properties compose a single collective parameter k, with perceived gap size relating to k by a single-valued function (Barac-Cikoja & Turvey, 1993 .
For the present setting, we would seek similar invariant properties of the structured light that would support single-valued functions for S 0 and D 0 . As information-environment specificity (Gibson, 1979 (Gibson, /1986 Turvey, 1992; Warren, 2005) implies and as k demonstrates for dynamic (effortful) touch, this invariant property may be specific to a single collective parameter of relevant environmental properties, which is invariant over the time-varying optical dynamics of visual perception. One potentially telling feature of the dynamic touch case is that probe inertia (i.e., the mass distribution of the probe) matters in different ways for S 0 and D 0 (BaracCikoja & . If the optical tunnel can be considered the counterpart for the probe, the relevant collective parameter can be expected to reflect the surface gradient-its continuity, as was seen in the present experiments-as well as its density and regularity. The distribution of the optical gradient anterior and posterior to the target may well provide the optical counterparts for the collection of variables that comprise k. Commonalities in the pattern of results for visually and haptically perceived aperture size (Garrett, Barac-Cikoja, Carello, & Turvey, 1996) support this conjecture.
It is clear that the effects of manipulating reflecting surfaces' longitudinal continuity with constant visual cues in the present tri-dimensional apparatus did not concur with expectations from mediation models. It appears that S 0 and D 0 are independently determined, with different but correlated optical bases. It remains to be seen what the particular S-specifying and D-specifying optical variables are. Gibson's optical tunnel provides a means to manipulate interesting non-obvious variables, pointing to potentially novel contributions to investigating perception of the visual world (Gibson, 1950) .
